Abstract In current investigations of electric arc plasmas, experiments based on modern testing technology play an important role. To enrich the testing methods and contribute to the understanding and grasping of the inherent mechanism of air switching arcs, in this paper, a nonintrusive detecting system is described that combines the magneto-optic imaging (MOI) technique with the solution to inverse electromagnetic problems. The detecting system works in a sequence of main steps as follows: MOI of the variation of the arc flux density over a plane, magnetic field information extracted from the magneto-optic (MO) images, arc current density distribution and spatial pattern reconstruction by inverting the resulting field data. Correspondingly, in the system, an MOI set-up is designed based on the Faraday effect and the polarization properties of light, and an intelligent inversion algorithm is proposed that involves simulated annealing (SA). Experiments were carried out for high current (2 kA RMS) discharge cases in a typical low-voltage switchgear. The results show that the MO detection system possesses the advantages of visualization, high resolution and response, and electrical insulation, which provides a novel diagnostics tool for further studies of the arc.
Introduction
As indispensable parts of electrical power supply systems, low-voltage switching devices play a major role in protecting distribution lines by detecting faults and interrupting electric circuits. In the case of switching, the opening of contacts inevitably ignites an electric arc (high speed and high temperature unsteady plasma flows), which has to be extinguished immediately. For low-voltage switching devices, an electric arc in an air medium is a very complex and critical physical phenomenon. It is not only the key to the success in breaking the electric circuit, but also of great concern for the interruption performance and service life of the switchgear. Hence, for the development of low-voltage switching devices, numerous investigations on arc properties and arc behavior have been carried out [1] .
Nowadays, knowledge on switching arc plasmas is obtained both theoretically and experimentally. With the continuous development of arc models and computational fluid dynamics commercial codes, it is possible to obtain arc information by using numerical approaches [2, 3] . However, as the arc model is not perfect, many important physical parameters and boundary conditions have to be obtained from measurements and experiments based on modern testing technologies still play an important role.
The techniques used for the determination of arc characteristics include: optical diagnostics (high-speed movie camera, optical fiber array and spectrum analysis) and magnetic diagnostics. Due to the high temporal and spatial resolution, a high-speed movie camera can capture the arc motion images at various moments. Scholars are currently trying to extract critical information from the images [2, 4, 5] . The optical fiber array, similar to the high-speed camera, is mostly used to detect macro parameters of the arc. In recent years, several optical fiber array testing apparatuses have been designed to observe the arc motion [6, 7] . Spectrum analysis, including emission spectroscopy, absorption spectroscopy and laser-induced fluorescence, can be employed to diagnose the physical characteristics of the arc, such as the electron temperature, electron density, excitation temperature and even some kinetic processes [8−10] . However, to implement the optical measurement, the chamber wall of the experimental prototypes has to be either substituted by a transparent material or drilled on the surface, which will exert a great influence on the physical properties of the plasma as well as the pressure distribution in the arc chamber besides destroying the integrity of the sample.
The magnetic testing technique, without any changes to the prototypes, is capable of deducing the arc position and its mean velocity from the magnetic field around the arc [11−15] . As a non-intrusive testing method, magnetic diagnostics has promising prospects. Nevertheless, due to the ill-posed nature of the inverse electromagnetic problem [16, 17] , the existing methods using magnetic sensors can only identify the medium current line equivalent to the arc with magnetic flux densities of a certain number of isolated points. If we intend to acquire more information on the arc with magnetic diagnostics, efforts should be made to get more magnetic field data and develop a more efficient algorithm to solve the inverse problem.
This paper therefore presents a novel magneto-optic (MO) detection system for investigations of the air switching arc. The highlights of our work are embodied in the following points: a. by magneto-optic imaging (MOI) [18−23] , the real-time 2D distribution of the arc magnetic field during the arcing process is directly transformed into polarized light images with high resolution and response; b. by coupling MOI to the simulated annealing (SA) inversion algorithm, the arc current density distribution and arc pattern can be reconstructed at various moments.
2 Magneto-optic imaging
Experimental circuit
The prototype contains a typical quenching system of low-voltage switching devices, as shown in Fig. 1 . Generally, an electric arc composed of a cathode region (cathode, cathode spot, and cathode sheath), arc column, and anode region (anode, anode spot, and anode sheath) is ignited between the contacts. After a short immobility period, submitted to the magnetic and pressure forces the arc is pushed into the quenching chamber and cut into a series of elementary arcs in ferromagnetic splitter plates until extinguished. The contact material is Ag(SnO 2 In 2 O 3 ) 12 . The contact switching velocity is 3 m/s. The short circuit current is provided by the capacitance bank circuit which can deliver 50 Hz sinusoidal current up to 100 kA, as shown in Fig. 2 
MOI setup
The MOI setup is designed based on the Faraday effect and the polarization properties of light, in which the plane of polarization of a linearly polarized light transmitted through a Faraday rotator element (FRE) is rotated an angle θ in the presence of a magnetic field B applied along the easy axis of magnetization of the
where V is the Verdet constant of the FRE, L is the length of the path in which the light and magnetic field interact. The optical scheme of the MOI setup illustrated in Fig. 2 (b) can be described as follows:
a. A slab of MO glass (MR3-2) with a higher Verdet constant: V = −96 rad/(T·m)@632.8 nm is chosen as the FRE. The dimensions are 70 mm in diameter and 10 mm in depth. The response time is in nanoseconds. On the plane of incidence of the MO glass, a wideband anti-reflective film with a transmissivity of 99.9% in the visible spectrum has been fabricated, and on the other plane there is a total reflection film. The carrier and support elements are made of nylon (a nonferromagnetic material) to avoid disturbing the magnetic field to be measured.
b. The laser driven light source (LDLS) is highly stable, which can eliminate the influence of light intensity fluctuation on the measurement accuracy. The light from the LDLS (wavelength: 170-2100 nm) is much less coherent than the laser light, which can relieve the equal inclination interference in the MO glass.
c. The electron-multiplying CCD (EMCCD, iXon3-897) takes the popular back-illuminated 512×512 frame transfer sensor and overclocks the readout to 10 MHz. It works in enhanced photon counting modes to overcome multiplicative noise so that the light intensity variation resulting from the magnetic field strength B =1 µT can be captured. The EMCCD camera is set to capture the images 1.5 ms before the contact starts to open.
d. The light from LDLS, passing through the fiber, is aligned to be a parallel beam E (11 mm in diameter) by the fiber collimator (a paraboloidal mirror). The beam E, transmitting through the filter (central wavelength: 632.8±1 nm), becomes a monochromatic light E in . After E in is polarized, the light beam is expanded again, up to 33 mm in diameter, so as to cover the major part of the quenching system, as shown in Fig. 3 . {u,v} after the beam totally reflected by the reflecting film. The total rotation θ {u,v} (t) in each point can be given as:
θ {u,v} (t) = 2θ
f. The reflected light E n {u,v} (t), with abundant information about the arc magnetic field, transmits through the PBS again and its s-component E s2 {u,v} , through the analyzer and lens subsequently, is converged into an EMCCD camera. Finally, the optical signal during the whole arcing process is converted to digital signals and fed to the image processing system.
Optical rotation angle field
In polarization optics, the optical elements are usually described with a 2×2 Jones matrix. So for the MOI setup, the measurement model of the optical rotation angle field can be derived according to the Jones vector method.
The Jones matrices of polarizer J 1 and analyzer J 5 are as follows:
where α is the angle between the transmission axis of the polarizer and the x-optic axis, σ 1 is the extinction ratio of the polarizer, β is the angle between the transmission axis of the analyzer and the x-optic axis, σ 2 is the extinction ratio of the analyzer.
The Jones matrices of the PBS in transmission J 2 and reflection direction J 4 are respectively expressed as:
The initial optical distribution at M × N measuring points E {u,v} is expressed as:
The Jones matrix of MO glass with rotation angle θ {u,v} (t) is:
where γ=(θ {u,v} (t))/2. 
where ω (ω >0) is a constant that represents the transfer ratio from light intensity to gray value. Thus, the gray value G out {u,v} (t) is a function of rotation angle θ {u,v} (t), i.e. G out u,v (t)=f (θ {u,v} (t)), and then the rotation angle field reads:
where f −1 (·) is defined as the inverse of f (·).
System calibration
By calibration, it is found that there is a good linear relation between the grey level of the MO images and the x-component of the external magnetic field, as shown in Fig. 4 . Then the 2D distribution of the arc magnetic field can be extracted from the gray data at different locations. According to the field theory, the arc in motion carrying on current will create a magnetic field B arc ; as a current-carrying conductor, the contacts and the conductive rods will produce another magnetic field B link ; the ferromagnetic arc splitter plates will develop a magnetic field M by magnetization. Define the solution domain of the arc and quenching system as Ω:=Ω ml ∪Ω fl ∪Ω mc ∪Ω fc ∪Ω arc ∪Ω p (see Fig. 1 ). In the domain, the governing equation of magnetic field B around the arc, together with Maxwell's law, can be expressed as:
where j is free current, j arc is arc current density, j link is carrying-current density in contacts and rods, j D is displacement current density, µ 0 is permeability of vacuum. Define I(t) as the total current loaded by the arc that is a known quantity and can be measured by using a Rogowski coil or shunt. By defining the solution domain of the arc as Ω arc :=Ω 1 ∪Ω 2 ∪Ω 3 ∪. . . ∪Ω n , one gets:
wheren is normal unit vector of the arc domain. Eq. (18) indicates that the arc current I(t) can be regarded as a collection of current I i (t). Then the physical model of arc current distribution (see Fig. 5 ) can be built by abstracting the current I i (t) as electric streamlines and referring to the threadlike arc model [14] . In the model, contacts and conductive rods are similarly represented by linear units [15] ; the cathode or anode spot is simplified as a single point attached to the cathode or anode, respectively; the sheath is ignored; a threadlike line model in 2 segments that has n nodes is adopted for a single arc between electrodes, and the elementary arcs move into the plates. In Fig. 5 , since contacts and rods are modeled with linear units, the current density j link can be treated as a constant. Thus on the premise of a small displacement current density (j D j), through combining Eqs. (15), (16) and (17), one gets:
where µ is permeability in the region of splitter plates, µ r is relative permeability.
The optimization problem
Take the plane: L →YOZ, x = d as the measurement surface of the magnetic field that is parallel to and at a distance of d from the plane: L→YOZ where the arc is located, and set M × N measuring points. Meanwhile, define U , V as Hilbert space, and K: U → V is a positive operator. Then the mapping relations of the inverse problem of arc pattern reconstruction can be described with an operator equation as follows:
where I is the solution set of the current {I 1 , I 2 , . . . , I n }. Elements of the matrix [B x ] correspond to M × N measuring points. In engineering practice, the data of magnetic field intensity is disturbed with an error of η, which should meet the condition:
From functional analysis, it can be known that there is a zero element in the null space of positive operator
So it is difficult to solve the inverse problem. But the best approximation theory can be used to seek the best approximate solution of Eq. (22), namely minimize the norm,
Correspondingly, the inverse problem of arc current density distribution reconstruction is converted into an optimization one that searches the optimal solutionŝ:
where Λ={s 1 , s 2 ,. . . , s n } is the solution space composed of all states s i .
SA inversion algorithm
To combine the heuristic criteria with the optimization problem and to ensure optimization quality, key steps in the SA inversion algorithm are designed as follows. a. The neighborhood function is constructed as: ξ =ξ+0.001 [2rand(·) − 1]. ξ is the original value, ξ is the disturbance value assigned randomly in the interval
In terms of the metropolis criterion, the state accepting function accepts the new state solution s with the probability exp(−∆E/T ). ∆E is the difference of objective function between the new and the old states. T is the temperature. c. The temperature will decrease from the initial value T 0 =1 to T 1 =1×10 −5 . d. The cooling process is described as: T k+1 =λT k . λ=0.95 is the cooling index. e. The inner loop will be terminated when iterations reach N r =200. The outer loop will be terminated when the temperature is dropped to the threshold ψ= T 1 or when the relative error of the evaluation function ε decreases to 3%. f. To avoid the interlacement of electric streamlines, a step of adjusting interlacement is added in the algorithm. In the solving process of a group of streamlines, the first electric streamline will be created and fixed. If the subsequent streamlines cross the former ones, new positions need to be selected from the neighborhood function and new streamlines should be recreated.
A specific flow chart of the SA inversion algorithm for the arc current density distribution reconstruction is shown in Fig. 6 . The proposed MOI set-up and SA inversion algorithm were tested and verified by experiments. In the tests, the prospective current is 2 kA (RMS) and the charge voltage is 300 V.
A selection of magneto-optic images belonging to the oscillogram of arc current and voltage (see Fig. 7 ) is shown in Fig. 8 . The zero point of time variable t is defined at the instant the current begins to appear. From the photos we could not only visually see the magnetic field distribution at different moments of the arcing process but also observe the arc motion. At moment t 1 , the arc had not been ignited yet and the magnetic field was induced by the conductive rods. When t = t 3 , the arc had an evident trend to move towards the chamber. Then from t 3 to t 9 , the arc moved into the splitter plates and was cut into elementary ones. Correspondingly, the resulting magnetic field was changing constantly and showed different characteristics. Fig.7 The oscillogram of arc current and voltage 
The reconstructed results
In terms of the above measuring model of the optical rotation angle field, the data of the magnetic field can be extracted from the MO images. Given initial temperature, 50×50 magnetic field data and initial value, the arc current density distribution and arc pattern can be reconstituted by the SA inversion algorithm. The results at t 3 , t 7 and t 9 are demonstrated. It is noted that the arc model with 10 electric streamlines in 2 segments is adopted in these cases.
The reconstructed results at moment t 3 are shown in Fig. 9 . Fig. 9(a) gives the spatial pattern and exact location of the arc. The arc roots had moved to the edges of the contacts and part of the arc column had entered into the splitter plates. The state is in accord with the one revealed in the MO images at t 3 in Fig. 8 . Fig. 9(b) provides the value of each electric streamline: I(t 3 ) r1 →I(t 3 ) r10 . The electric streamlines in the central area were passed through by most of the current.
(a) Arc pattern at t = t3 (b) Arc current distribution at t = t3 Fig.9 Reconstructed results at t = t3
At moment t 7 , the arc had moved into the plates and had been split into 2 elementary ones, as displayed in Fig. 10 . Correspondingly, the area with a stronger magnetic field became wider as shown in Fig. 8 . In Fig. 10 (a) the 2 elementary arcs showed different states. The lower arc intended to keep on moving into the plates but the upper one seemed to encounter a forward resistance. This can also give a reasonable explanation to the difference between the distributions of I 1 (t 7 ) r and I 2 (t 7 ) r shown in Fig. 10(b) .
At moment t 9 , the arc was further split into 3 elementary ones, see Fig. 11 . In Fig. 11(a) , the arc pattern had become relatively stable and the inward trend of the arc was not obvious. So the arc magnetic field died down and the arc was extinguished as shown in Fig. 8 . Accordingly, the distributions of I 1 (t 9 ) r , I 2 (t 9 ) r and I 3 (t 9 ) r in Fig. 11(b) were more regular.
The above current density distributions reconstructed at t 3 , t 7 and t 9 agree very well with the ones measured at a moving arc root in Refs. [24] and [25] . (b) Arc current distribution at t = t9 Fig.11 Reconstructed results at t = t9
High-speed camera diagnostics
After the side wall of the prototype was set as the observation window and the chamber wall was transmitted with transparent material (PMMA), under the same experimental conditions, the motion of the arc was observed with a high speed camera (7000FPS@pixel:640×640 with exposure time of 2 µs). The moving photos at the above moments, t 3 , t 7 and t 9 , were displayed and compared with the reconstructed ones in Fig. 12 . The results reveal that in the case of neglecting the influence of the transparent chamber wall, the arc pattern and location reconstructed by MOI and an inverse method agree very well with those determined by the high speed camera. Fig.12 Contrast between the arc motion images captured by high speed camera and the results reconstructed by the MOI detecting system
Discussion
The aim of this study is to propose a novel detection system which can give reliable and accurate information on the arc behavior by combining MOI with an inverse method. Through comparison with a high-speed camera diagnostic technique, the detecting system is validated.
The results demonstrate that for either single arc or multi-stage elementary ones in an arc chamber the MO detecting system can not only give internal parameters such as maximum current lines, distribution trends, and location, but also reconstruct the external spatial pattern, which will play an important role in the improvement of interruption performances of lowvoltage switching devices. The success of the system owes much to the proper solution of the ill-posed inverse problem. First, the established mathematical model can characterize the inherent mechanism of arc pattern reconstruction. Second, because of the introduction of the MOI technique information about the magnetic field can be made full use of. Third, with the strong global searching ability of the SA algorithm, the inversion solving becomes efficient and stable.
The MO detection system has high resolution and response. The time scale can reach 1 µs and the response time is in nanoseconds. The measurement range is 10 −6 -10 T. In our experiments, when the prospective current is 2 kA (RMS) and the FRE is 10 mm away from the wall of the specimen (about 25 mm away from the arc), the magnetic intensity induced by a current of 10 A can be detected. So the system can be used to investigate details about the whole arc life. Furthermore, the higher spatial resolution of 16×16 µm determines the advantage of a system of switchgears with relatively little arc extinguishing space. In a smaller measuring space, capturing clear pictures will become quite difficult and assigning more optical fibers or magnetic sensors will be impossible. However, the MO detection system can get abundant data about the magnetic field so that the arc information can be reconstructed.
Meanwhile, it is noted that the location of the FRE, which is the probe in the system, should be wellsituated. According to the electromagnetic induction principle, if the MO images are not obvious, the FRE can be put closer to the specimen. But it is not permissible to stick it to the specimen because a slight shaking of the specimen in the breaking process will change the light path.
Moreover, for the system to have a better potential of application in practice, further work on image filtering should be performed. As the MO images are captured, some disturbances are drawn into them. Hence, to restrain the noise and improve the reliability of the following analysis, image filtering can be added.
Conclusion
a. An MOI technique based on the electromagnetic induction principle, Farady effect, and the polarization properties of light can give a real-time observation of the magnetic field distribution of an arc on a 2D surface.
b. With the magnetic intensity induced by the arc column, the SA inversion solving algorithm can figure out the arc current density distribution and reconstitute the arc spatial pattern, which contributes to the understanding of heat transport and stress characteristic and the mastering of arc behavior.
c. The non-intrusive MO detection system, which combines the use of MOI and an inverse method, with high resolution and response, provides a new and efficient diagnostics tool for further studies of the arc. It is suitable for experimental research into lowvoltage switching devices, especially for miniature circuit breakers with relatively little arc extinguish spaces.
